abstract: Evolution of size and growth depends on heritable variation arising from additive and maternal genetic effects. Levels of heritable (and nonheritable) variation might change over ontogeny, increasing through "variance compounding" or decreasing through "compensatory growth." We test for these processes using a metaanalysis of age-specific weight traits in domestic ungulates. Generally, mean standardized variance components decrease with age, consistent with compensatory growth. Phenotypic convergence among adult sheep occurs through decreasing environmental and maternal genetic variation. Maternal variation similarly declines in cattle. Maternal genetic effects are thus reduced with age (both in absolute and relative terms). Significant trends in heritability (decreasing in cattle, increasing in sheep) result from declining maternal and environmental components rather than from changing additive variation. There was no evidence for increasing standardized variance components. Any compounding must therefore be masked by more important compensatory processes. While extrapolation of these patterns to processes in natural population is difficult, our results highlight the inadequacy of assuming constancy in genetic parameters over ontogeny. Negative covariance between direct and maternal genetic effects was common. Negative correlations with additive and maternal genetic variances indicate that antagonistic pleiotropy (between additive and maternal genetic effects) may maintain genetic variance and limit responses to selection.
The starting point for any quantitative genetic analysis is that phenotypic evolution can be modeled using an explicit function of parameters describing selection and the heritable basis of phenotype variation (Falconer and Mackay 1996) .While quantitative genetic studies typically consider traits measured at a single point in time, these parameters used to describe trait evolution might more generally be expected to change over ontogeny. It has long been argued that phenotypic variation must actually arise through interindividual differences in developmental processes during ontogeny (e.g., Cheverud et al. 1983; Atchley 1987) . Failure to incorporate the developmental processes shaping variation in trait ontogenies has therefore been identified as a major omission of the modern evolutionary synthesis (Schlichting and Pigliucci 1998; West-Eberhard 2004) . For example, while empirical studies have shown that selection on a trait may change in strength or direction at different ontogenetic stages (Milner et al. 1999; Wilson et al. 2003) , less attention has been given to elucidating ontogenetic patterns in the genetic (co)variance components that will determine any evolutionary response. Despite this, some theoretical predictions do exist, and the primary aim of this study is to test the generality of these. To do this, we perform a meta-analysis of quantitative genetic parameters drawn from the literature, focusing on estimated parameters for weight traits in domestic populations of cattle (Bos spp.) and sheep (Ovis aries).
The evolutionary response of any trait to selection is classically determined by its additive genetic variance (V A ). Generally, heritability (h 2 ), the ratio of V A to total phenotypic variance (V P ), is used as a measure of potential response (Falconer and Mackay 1996) , although standardizing V A by the phenotypic mean may be more appropriate for comparing levels of genetic variance among traits (Houle 1992) . Selection on body weight, measured as the covariance between phenotype and fitness, often changes with age. In part, this is because weight is not a static component of phenotype (usually tending to increase with time as a consequence of growth). However, weight may also covary with age-specific components of fitness such as early viability (Schluter and Nychka 1994; Bianchet et al. 1997) or adult reproductive success (Coltman et al. 1999 ). While selection regimes will therefore be age specific, phenotypic responses also depend on the presence of additive genetic variance, levels of which may also vary over ontogeny. Furthermore, it is being increasingly recognized that indirect genetic effects may also play an important role in determining phenotypic responses to selection (Wolf et al. 1998 ). In particular, maternal genetic variance (V M ), which arises when an individual's phenotype is influenced by the maternal genotype (independently of the direct effects of genes inherited), represents an additional source of heritable phenotypic variance (Mousseau and Fox 1998) . In mammals, the importance of both additive and maternal genetic effects on weight traits has been extensively documented (for examples, see references in the appendix), and covariance may also occur between additive and maternal genetic components of variance. In the presence of maternal effects, the response to selection will therefore be determined by the "total heritability" ( ), which can 1972) . From this equation, it is apparent that increased V M and positive direct-maternal genetic covariance ( ) will accelerate a response to selection, while negCov AM ative values of can have a damping effect (Cheverud Cov AM 1984; Kirkpatrick and Lande 1989; Wolf et al. 1998 ). Antagonistic pleiotropy has long been considered a probable mechanism for the maintenance of genetic variance (Roff 2002) , and in this context, it is notable that strong negative would arise from genes having antagonistic Cov AM pleiotropic effects on maternal performance and offspring trait. Thus, by limiting an evolutionary response, negative direct-maternal genetic covariance may act to maintain genetic variance (both V A and V M ) in a trait under selection. For these reasons, and because they are more often estimated than other components of variance (i.e., dominance, epistasis), we focus here on the ontogeny of additive and maternal components of variance.
As individual weight changes over an animal's lifetime, it is likely that phenotypic variance (and its constituent components) measured in the population will also show ontogenetic variation. Several processes may influence the ontogeny of variance components in antagonistic ways (table 1) . Among these, it has been suggested that cumulative effects of allelic variants will lead to variance compounding over ontogeny. Thus, a trait expressed later in life will inherit variation from earlier stages, as well as being influenced by any new episodes of genetic expression (Atchley and Zhu 1997) , and will show greater additive genetic variance than the same trait expressed earlier (e.g., the timing hypothesis; Houle 1998). Variance compounding may also occur for environmental effects. Typically, the partitioning of V P yields a residual component of variance (V R ) that is interpreted as resulting from environmental effects on phenotype (although it may include important nonadditive genetic sources; Merilä and Sheldon 1999) . Because additional sources of environmental variance may occur throughout ontogeny (individual animals experiencing differing age-specific environments), residual variance V R might also increase with the age at which phenotype is measured. Under the variance compounding hypothesis, maternal variance should also increase until weaning (after which direct maternal influence on the growth of an individual will decline). Despite these predicted increases, phenotypic variance for size traits is often found to be lower for older animals compared with earlier ontogenetic stages. While variance can be reduced by episodes of directional or stabilizing selection through differential viability of young animals, declining variance is frequently reported in artificial populations where early mortality is effectively zero, ruling out selection as the causative mechanism. Here, decreasing variance is often attributed to compensatory (or targeted) growth (Monteiro and Falconer 1966; Riska et al. 1984; Cheverud et al. 1996) .
Compensatory growth can be defined as the tendency of growth trajectories to converge on a reduced range of phenotypes (Monteiro and Falconer 1966) , with individ-uals that grow fast early in their ontogeny being characterized by slow late growth and vice versa (Cheverud et al. 1996) . It is an important mechanism of canalization, buffering the adult phenotype against any types of effects (genetic or environmental) experienced earlier in life, that is commonly reported in fish (e.g., Ali et al. 2003) , birds (e.g., Badyaev and Martin 2000) , and mammals (e.g., Réale and Boussès 1999; Solberg et al. 2004) . It is frequently detected as an increase in growth following an environmentally induced period of reduced growth (e.g., temporary starvation). Phenotypic convergence among adults requires a decrease in phenotypic variance such that the presence of compensatory growth can be inferred from reductions in one or more variance components over ontogeny (Riska et al. 1984; Atchley 1987) . Therefore, we use the term "compensation" herein to describe any reduction in variance with increasing age.
Analyzing patterns of change with age in V P and its constituent components should allow us to examine which of these processes is the most important. If variance compounding plays the major role in structuring ontogenetic patterns, we expect an increase in V P , V A , and V R with age (while V M will increase until weaning before stabilizing). In contrast, with compensatory growth, we should expect a decrease in V P , V A , V M , and V R with increasing age. Conflicting predictions therefore exist with respect to expected changes in components of phenotypic variance across ontogeny (table 1) . It is important to note that the processes and mechanisms outlined here need not be mutually exclusive, and an absence of change in variance with age may suggest a balance between both processes. Selection by differential mortality may also cause a decrease in V A (and subsequently in h 2 ) within a cohort. However, because of low mortality in the domestic species considered herein, we believe this probably has a negligible role.
Expectations regarding variance components standardized by V P are less straightforward. All else being equal, with the variance compounding hypothesis, increasing V A will result in increased heritability. However, if variance compounding over ontogeny occurs for both additive and environmental processes, then the direction and magnitude of any change in h 2 would depend on the relative rates of increase for V A and V R . It is generally argued that the relative importance of maternal genotype will decline with offspring age, such that the maternal effect (denoted m 2 , the ratio of V M to V P ) will normally be undetectable in adult traits. This idea is supported by empirical studies (e.g., Fox et al. 2003) , although maternal effects on adult traits are sometimes detected (e.g., Kruuk et al. 2000; Fox et al. 2004 ). While it is rarely stated explicitly, the most intuitive explanation for declining m 2 is that the maternal genotype can contribute no additional variance after the cessation of maternal care, while additive and environmental effects may continue to contribute to V P . Based on this explanation we predict that m 2 will show a declining trend with age caused by increasing V A or V R (or both) rather than by decreasing levels of maternal variance (table  1) . In contrast, the compensation hypothesis predicts that m 2 will decline as a result of a decrease in maternal variance.
The primary objective of this study is therefore to examine ontogenetic patterns in additive, maternal genetic, and environmental components of phenotypic variance and hence test the generality of these predictions. A secondary objective is to examine the relationships among V A , V M , and in order to test the hypothesis that Cov AM strong negative covariance between direct and maternal genetic effects can act to maintain genetic variance for a fitness-related trait. To meet these objectives, we perform a meta-analysis of quantitative genetic parameter estimates derived from studies of domestic cattle and sheep. Although evolutionary biologists are normally more interested in processes of natural populations, domestic species have previously been used for evolutionary studies, and this approach has a number of advantages. While quantitative genetic analysis of natural populations is a growing field (see Kruuk 2004; Garant and Kruuk 2005) , comparatively few studies have considered traits at multiple points in ontogeny (but see, e.g., Badyaev and Martin 2000; Kunz and Ekman 2000; Wilson et al. 2003) . Furthermore, while field-based studies have considered maternal effects, the genetic component of these effects has rarely been estimated (but see, e.g., McAdam et al. 2002; Wilson et al. 2005a) . In contrast to the paucity of estimates from natural populations, studies of commercially important traits in domestic animals provide abundant, simultaneous estimates of V A , V M , and at difCov AM ferent stages of ontogeny.
Here we focus on cattle and sheep, and we additionally restrict our attention to analyses of weight. In doing so, we are able to collect a large number of parameter estimates made on the same (or similar) traits within each species, limiting the difficulties associated with scale effects that can be problematic for meta-analyses of multiple trait types (Lynch and Walsh 1998) . A further advantage is that analyses of domestic species typically are based on very large sample sizes and extensive pedigree information (in comparison with studies in natural populations). As such, parameter estimates are probably characterized by higher accuracy and precision. Our aim in this work is therefore to address the following two questions. First, how do variance components change with age, and second, what are the functional relationships between both additive and maternal genetic variances and the direct-maternal genetic covariance ? Cov AM E26 The American Naturalist
Methods

Data Compilation
A review of the literature was performed to obtain estimated genetic parameters from quantitative genetic analyses of weight traits (live and carcass) measured at different ages in domestic cattle and sheep. For the purposes of this study, we used only parameters that were estimated using restricted maximum likelihood under an animal model (Lynch and Walsh 1998) . For each trait, parameters of interest were the total phenotypic variance (V P ) and its components: additive genetic variance (V A ), maternal genetic variance (V M ), direct-maternal genetic covariance ( ), and residual variance (V R ; including maternal enCov AM vironmental variance). Where not explicitly stated, V R was calculated as . Additionally,
the ratios of these (co)variance components to phenotypic variance were obtained (or calculated). These are the narrow-sense heritability (h 2 ), the maternal genetic effect (m 2 ), the ratio of to V P (denoted am 2 ), and the residual Cov AM effect (r 2 ). Because failure to explicitly model maternal effects can result in overestimation of additive variance (and hence h 2 ; e.g., Meyer 1992), we excluded any studies that had not explicitly modeled V M and in addition Cov AM to the additive genetic variance.
Age (days from birth) at which phenotype was measured was used to test for ontogenetic variation in quantitative genetic parameters. Where measurements of a single trait were made on animals of slightly varying age, the mean number of days from birth was used. Additionally, each trait was assigned to a categorical age class with four levels denoted: 0 (birth), 1 (weaning), 2 (yearling), and 3 (adult). In total, genetic parameters for 195 weight traits were obtained from 47 peer-reviewed studies published between 1993 and 2004 (appendix) . Of these, 131 traits were analyzed in domestic cattle Bos taurus ( ) and Bos n p 126 indicus ( ), comprising studies of 27 different breeds n p 5 and composite breeds. A further 64 traits were analyzed in domestic sheep (21 different breeds and composite breeds). Parameter estimates from all studies were based on analysis of phenotypic data from a large numbers of animals (with a mean of 8,407 over all included traits).
Data Analysis
Linear models were used to test for ontogenetic changes in quantitative genetic parameters. Scatterplots were first used to visually assess the relationship between each (co)variance component and age in Bos and Ovis separately, with lines of best fit determined from linear regressions. However, as variance often increases with the square of the mean, scale effects may limit the utility of directly comparing the magnitudes of (co)variance components across ages. This is particularly true for weight because the phenotypic mean increases over ontogeny as a consequence of growth. For such comparisons, coefficients of variation are therefore more appropriate than are the nonstandardized variance components (Houle 1992) . The coefficient of variation (CV) is given by
where V is the sample variance and is the sample mean. x For a number of cattle studies, phenotypic means were not provided in the literature source, and these were therefore excluded from the linear model analyses of coefficients of variation. For all others, we calculated CV P , CV A , CV M , and CV R as the standardized coefficients of phenotypic, additive genetic, maternal genetic, and residual variance, respectively. The distributions of the four coefficients exhibited positive skew in both genera (distributions not shown) and were therefore log 10 transformed for use as dependent variables in the models. The direct-maternal genetic correlation (r am ) was used as a standardized measure of , and additional models were fitted for the Cov AM ratios of each (co)variance component to V P .
Thus ), age (in log CV log CV log CV A M R days) was fitted as the explanatory variable to test for linear changes over ontogeny. Additionally, a parallel set of models was fitted, including age class, the categorical variable (as described above). The significance of age (or age class) was assessed from the sums of squares under an assumed normal error structure, and separate analyses were performed for each genus. It is common practice in metaanalyses to weight results of particular studies according to some measure of their precision. However, standard errors were not available for all parameter estimates, and sample size probably represents a very crude indicator of expected precision. Not only were sample sizes that were used in individual studies high by comparison with those typical of evolutionary and ecological studies, but sample size may also be less relevant than other features of the data (notably pedigree depth and structure) in determining precision for quantitative genetic parameter estimates. Nevertheless, for comparison, we fitted equivalent age and age class models with data weighted by study sample size. Additionally, to ensure that the inclusion of different breeds did not influence our assessment of ontogenetic patterns, we fitted corresponding generalized linear mixed models, with breed included as a random effect. All models were fitted using SPLUS 6 Professional Edition (2001; Insightful). To facilitate visual interpretation of ontogenetic patterns, we plotted mean values of each parameter by age class in both Bos and Ovis. We controlled for false discovery rates associated with multiple dependent tests using Benjamini and Liu's method (Benjamini et al. 2001) . Correlation analyses were performed to test the hypothesis that direct-maternal genetic covariance is associated with higher genetic variance (both additive and maternal). Scatterplots of V A and V M against were first used to Cov AM visually assess the data and to identify any extreme outliers that may unduly effect correlations. All else being equal, (co)variance components are expected to increase with total phenotypic variance; to account for this probable source of positive covariance, we thus considered the relationships of V A , V M , and to V P as well as to each other. 
Results
Ontogeny of Quantitative Genetic Parameters
Scatterplots show that phenotypic variance for weight increases with age in both Bos and Ovis ( fig. 1) . Positive gradients for lines of best fit show the same is true for additive, maternal genetic, and residual variance components. Gradients are significantly greater than 0 in all cases (results not shown), a finding consistent with the expected dependence of variance on the phenotypic mean (which increases with age). The order of the relative magnitudes of variance components remains constant across ontogeny, with phenotypic variance dominated by the residual component V R and the additive genetic variance being greater than the maternal genetic variance at all ages in both genera ( fig. 1) . The regression line for direct-maternal genetic covariance ( ) on age has a negative gradient in Bos Cov AM and is positive in Ovis. However, only in Bos does this gradient differ significantly from 0 ( , gradient p Ϫ0.156 ).
While the unstandardized variance components therefore increase with age, this pattern is not reflected in the coefficients of variation and may therefore be attributed to scale effects. Nevertheless, linear models did show evidence for ontogenetic changes in many of the standardized response parameters tested in both genera (table 2) . Results were qualitatively similar using the simple linear models and when analyses were weighted by sample size. Furthermore, analyses using generalized linear mixed models showed that inclusion of breed as a random effect caused little qualitative or quantitative change to the results. Consequently, we present only the results of the unweighted linear models.
In Bos, there was no significant ontogenetic trend in the total phenotypic variance as measured by , although log CV P maternal variance was found to decline with age (indicated by the significant negative coefficient for ; drops from birth to adulthood in Bos, with a major log CV M decline from age class 2 to 3 ( fig. 2) . Associated with this reduction in maternal genetic variance is a similar trend in the ratio m 2 , which declines (from 0.12 at age 0 to 0.04 at age 3, the latter value not being significantly greater than 0 at ). Mean m 2 is actually slightly higher a p 0.05 for weaning weights than for birth weights. This is caused by a slight decrease in additive variance and hence total phenotypic variance between birth and weaning (seen in the plots of mean by age class; fig. 2 ) rather than log CV A any increase in maternal genetic variance. Although the decreased additive variance at age 1 is not itself significant (based on the linear model of ; table 2), the relog CV A sultant decrease in mean heritability (h 2 ) and concomitant increase in the residual effect (r 2 ) are. Thus, mean h 2 declines from 0.40 at birth to 0.27 at weaning, after which it changes little (with a mean h 2 of 0.26 for adult weight traits). In contrast, the plot of mean r 2 shows that residual variance accounts for more than half of V P in all age classes but also shows a general pattern of increasing with age class (with mean trait-corrected r 2 rising from 0.51 at age 0 to 0.74 at age 3; fig. 2 ). Mean additive-maternal genetic correlation (r am ) is negative in all age classes. The significant effect of age class on this correlation is a consequence of increased magnitude in age class 2 (with a mean traitcorrected r am of Ϫ0.43; fig. 2 ). Despite the stronger genetic correlations found for yearling weight traits, age class was not significant in the model of the ratio am 2 (table 2) . In Ovis, fitting age as a continuous variable provided evidence for a significant decline in total phenotypic variance, maternal genetic variance, and residual variance (as measured by , , and , respectively; log CV log CV log CV P M R table 2). The shows a nonsignificant negative aslog CV A sociation with age ( , ). As a con-Ϫ5 Ϫ3.30 # 10 P p .738 sequence of maternal variance decreasing more rapidly with age than phenotypic variance, m 2 shows a significant decrease over ontogeny (table 2) . In contrast, h 2 shows a significant increase with age because additive variance declines more slowly than the total phenotypic variance. This is reflected by the greater magnitude of the coefficient associated with age in the model of as compared log CV P with the model of (these being and These patterns are also apparent from the plots of agespecific parameter means ( fig. 2 ) and the models with age class fitted (table 2) . A notable exception is that r 2 shows a significant increase with age (table 2), while mean r 2 is actually lowest for age class 3 (mean ; fig. 2 ).
2 r p 0.56 However, it should be noted that in Ovis, age class 3 is represented by a sample size of just three traits. Hence, confidence intervals around parameter means are very wide, and inferences regarding adult traits, including the suggested reduction in r 2 should be made cautiously. The additive-maternal genetic correlation shows a significant increase with age in Ovis (table 2), and mean r am increases consistently across age classes ( fig. 2) In Ovis, the signs of all full and partial correlations are the same as in Bos (table 3) , and there is thus some support for the hypothesized relationships between covariance components. Significant positive values of r were again found between V A , V M , and V P , while partial correlations showed that V P was again most strongly correlated with V A ( , ). Howr p ϩ0.847 P ! .001
ever, while full and partial correlations between Cov AM and both V A and V M were negative, they were of lower magnitude than in Bos and were not significantly different than 0 (table 3) . However, the scatterplot of Cov AM against V M in Ovis suggests the presence of two putative outliers that may affect the correlations ( fig. 3) . Removal of these outliers results in full and partial correlations that are highly significant ( , ; r p Ϫ0.415 P p .001
Analysis of the ratios of the (co)variance components to V P also supported our a priori hypotheses. 
Discussion
Our meta-analysis of weight traits showed important changes in phenotypic variance and its constituent components occurring across ontogeny. Thus, age effects on the quantitative genetic parameters used to describe additive genetic, maternal genetic, and environmental effects were found in both genera. In the following discussion, we first address these patterns in the context of their support for the mechanistic processes outlined earlier (namely, variance compounding and compensatory growth). We then consider the implications of ontogenetic variation in heritability (and the proportional maternal effect m 2 ) before focusing on the secondary objective of our study, that of scrutinizing the role of in maintaining genetic Cov AM variance. Finally, we summarize our findings and the conclusions drawn from them.
Variance Compounding
In both genera, unstandardized phenotypic variance for weight increases with age, and the additive and residual components make significant contributions to this trend ( fig. 1 ). This pattern in V A , found in other studies (Riska et al. 1984; Atchley and Zhu 1997) , is consistent with the hypothesis of variance compounding for additive effects according to the timing hypothesis (Houle 1998) . However, this conclusion is not supported by the standardized measure of additive variation ( ), which shows no log CV A significant increase across ontogeny. Similarly, V R increases across ontogeny in Bos and Ovis, but there is no concomitant increase in (the converse actually being true log CV R in sheep). It is therefore probable that changes in additive and residual variances are primarily an artifact of scale (caused by dependence of variance on the mean; see Riska et al. 1984) rather than a biologically important phenomenon. Thus, variance compounding over ontogeny is not supported for either additive or environmental components of V P . An important caveat to this is that because the two processes need not be exclusive, variance compounding (the addition of new variance) may occur but be masked by compensatory processes having an equal or greater effect.
Compensatory Growth
Decreases in log-transformed coefficients of variation with age provided evidence for compensatory growth in both genera. In the absence of compensation, differential growth rates can only add to variance already present, such that measures of phenotypic variation (and its components) should never decrease (Riska et al. 1984) . Declining in Ovis showed phenotypic convergence among log CV P older animals. Our results agree with the common assumption that compensatory growth occurs through a reduction of the environmental component of variance (LeBlanc et al. 2001; Bjorndal et al. 2003) , and while experimental studies of rodent growth have shown that compensation may also act to reduce additive genetic variance (e.g., Riska et al. 1984) , we found no evidence for this. Nevertheless, compensation was found in the maternal genetic variance as indicated by the decline of log CV M from birth to adulthood.
It should be noted that while dominance variance (V D ) is rarely estimated, it could cause overestimation of other components if present (Misztal et al. 1997 ). Both diallelcross studies (Atchley and Zhu 1997) and quantitative trait loci studies (Cheverud et al. 1996; Vaughn et al. 1999; Rocha et al. 2004 ) have shown the presence of strong directional dominance for early growth traits that subsequently declines with age. While the bias on V A is assumed to be negligible because of the low proportion of full sibs in livestock pedigrees, the residual (or "environmental") variance could include nonadditive genetic sources (Misztal et al. 1997; Merilä and Sheldon 1999) . We therefore cannot rule out the influence of dominance on the observed pattern of residual variation in this study.
Evidence for compensatory growth at the phenotypic level was less conclusive in Bos. However, maternal genetic variation ( ) does decrease, notably between yearlog CV M ling and adult stages (which is somewhat later than in Ovis). Thus, in both genera, maternally induced variance for weight is reduced by accelerated growth of those individuals whose mothers have lower performance for offspring weight. This effect, documented in previous mammalian studies (e.g., Sikes 1998) , is consistent with the assertion that compensatory growth occurs as a plastic response to environmentally induced depression of growth. In this context, maternal genetic effects can be considered as a particular type of environmental effect, albeit one that is itself heritable (Wolf et al. 1998) .
Consequences for h
2 and m 2 Changes in genetic and environmental variance components have implications for the potential of age-specific weight traits to respond to selection. Heritability for weight changed significantly across ontogeny, although contrasting trends emerged in each genus. However, analysis by age class indicated h 2 was actually comparatively stable over most of ontogeny, with the declining h 2 in Bos resulting from a decrease between birth and weaning (caused by a concomitant reduction in additive variance). In Ovis, the contrasting trend of increasing h 2 reflects compensation in maternal and residual variation between yearling and adult stages rather than any increase in additive variance.
Traits closely associated with fitness often show lower heritabilities (Houle 1992; Stirling et al. 2002) , and estimates for weight were generally more typical of values reported for life-history traits than for morphological traits ( and 0.461, respectively; Mousseau and mean p 0.262 Roff 1987) . Though normally considered a morphological trait, weight is frequently correlated with fitness components in natural populations, and it forms the basis of artificial selection in many animal breeding programs. Nevertheless, significant additive genetic variance was found at all ages, consistent with the increasingly prevalent view that low h 2 for fitness-related traits reflects higher environmental or nonadditive components of variance rather than reduced additive variance (e.g., Price and Schluter 1991; Merilä and Sheldon 1999, 2000; McCleery et al. 2004 ). Both taxa have been subjected to long-term selection for increased weight, and the maintenance of additive variance therefore challenges the common interpretation of Fisher's fundamental theorem, whereby strong selection is expected to rapidly fix or eliminate alleles regulating fitness.
A common trend of declining maternal effect with age was found, such that mean m 2 was not significantly greater than 0 for adult weight in cattle or sheep. While consistent with results from several empirical studies (e.g., Fox et al. 2003) , it is also apparent that declining m 2 results largely from decreasing maternal genetic variance rather than from increasing levels of additive or residual variance, as was initially hypothesized. Maternal effects on birth weight in Ovis were particularly high (representing an average 26% of V P ), with sheep populations containing significantly more genetic variance for maternal performance than cattle. This may be a consequence of the less intensive livestock practices used in sheep farming (whereby selection on both offspring trait and maternal performance is likely to be less intense than for cattle). However, given that strong selection has not removed additive variance for weight in cattle, such an interpretation should be made cautiously.
Direct-Maternal Genetic Covariance (Cov AM )
Additive-maternal genetic covariances for weight traits were generally negative across all ages, indicating a pattern of antagonism between additive and maternal genetic effects on offspring weight. Furthermore, correlation analyses showed a clear association between strong negative covariance and higher levels of additive and maternal genetic variance. Although distributions of , V A , and Cov AM V M exhibited some deviations from normality, removal of putative outliers had little effect (except with respect to the correlation between and V M in Ovis, as discussed Cov AM above), and nonparametric tests produced qualitatively and quantitatively similar results (not shown). Similarly, the ratio am 2 was negatively correlated with h 2 and m 2 in both genera (despite the fact that since all three parameters are dependent on V P , some degree of positive autocorrelation is expected here). Thus, for weight traits, our results are consistent with the hypothesis that negative covariance can act to limit the response to selection and hence with the idea that antagonistic pleiotropy may be an important mechanism for the maintenance of genetic variance (Roff 2002 ). However, it should be noted that strong negative values of the genetic correlation r am may sometimes be an artifact of the (co)variance estimation methodology. Estimates of r am may be biased by particular features of the data structure (Maniatis and Pollott 2003) or by failure to account for or interactions (Robsire # herd sire # year inson 1995; , and further investigation of these issue is certainly warranted.
Generalizing the results of this work to expected patterns in natural populations is certainly not without difficulty. In the only explicit estimate in a free-living population to date, r am for birth weight was estimated as Ϫ0.71 in a feral population of Ovis aries (Wilson et al. 2005a ), a value similar to those reported here. If selection is uniformly positive, antagonism between direct and maternal genetic effects is expected to limit the potential for genetic improvement (e.g., Hassen et al. 2003) , but consequences may be less clear-cut under more complex selection regimes (e.g., if large size can incur fitness costs as well as benefits; Blanckenhorn 2000) . Given the accumulation of evidence for maternal genetic effects in many taxa (Mousseau and Fox 1998) and of negative direct-maternal genetic correlations in some mammalian and insects species (e.g., Roff 1997) , there is clearly a need for empirical estimates of in natural populations. Cov AM In summary, our analysis provided evidence of important age-related patterns in both genetic and environmental effects on weight. The analysis of scale-insensitive measures of the variance components provided no support for the variance compounding that has been hypothesized for additive and environmental effects. Conversely, we did find support for compensatory growth, particularly in Ovis, where phenotypic convergence at adulthood results from decreasing environmental and maternal components of variance. Evidence was less strong in Bos, though our results do show that early differences in weight attributable to maternal genetic effects are reduced over ontogeny. Thus, in both genera, declining m 2 occurs through a reduction in maternal genetic variance, while tendencies toward decreasing (Bos) or increasing (Ovis) heritability of weight are also caused by these compensatory processes. An important caveat to these conclusions is that while we found no support for variance compounding, both compounding and compensatory processes could occur simultaneously, such that the signature of the former is masked by the latter.
Reductions in components of variance over ontogeny could be attributed to increasing developmental canalization on body weight with age, a mechanism that buffers the expression of a phenotype despite environmental or genetic variation (Waddington 1942; Debat and David 2001) . Genes responsible for genetic-canalizing effects are assumed to decrease visible additive genetic variance, whereas genes with environment-canalizing effects would decrease environmental variance (Debat and David 2001) . Our results indicate environmental canalization on body weight (i.e., both and decline with age) log CV log CV R M but do not support genetic canalization (i.e., conlog CV A stant). Studies on the development of variance components could therefore provide some important insights on the mechanisms of canalization.
A limitation of this meta-analysis is that we have considered only the univariate architecture of weight traits and have not given explicit consideration to sources of covariance that probably exist between weights measured at different ages. In this respect, it should be pointed out that genetic covariance will limit the potential of agespecific weights to respond independently to selection (Atchley 1987; Cowley and Atchley 1992) . Furthermore, because compensatory growth is evidenced by negative phenotypic correlations between age-specific growth rates, estimation of environmental and genetic covariance structures would give further insight into mechanisms of canalization.
The extent to which the ontogenetic patterns found here are typical of weight (and other aspects of phenotype) in natural populations is largely unknown. Certainly domestic populations experience more stable environments, and this has led to the expectation that environmental variance components will be larger in natural populations, with heritabilities lower as a consequence (Riska et al. 1989) . By similar reasoning, a greater potential for variance compounding of environmental effects in natural populations might also be expected. However, it is notable that previous comparison of h 2 estimates from laboratory and wild populations does not clearly support the first of these predictions (Weigensberg and Roff 1996 ; but see also Hoffman 2000) .
More generally, the occurrence of compensatory growth has been documented at the phenotypic level in populations of various taxa (Metcalfe and Monaghan 2001) , including organisms with indeterminate growth patterns (e.g., Carlson et al. 2004) . Findings consistent with compensatory processes affecting weight and size traits have also been reported from quantitative genetic analyses of wild ungulates , birds (Badyaev and Martin 2000; Kunz and Ekman 2000) , and wild-caught amphibians (Ragland and Carter 2004) . However, there is clearly a need for further empirical studies of natural populations in which viability selection, particularly on early size traits (e.g., Wilson et al. 2005b) , may be strong and will represent an additional mechanism for reducing phenotypic variance over ontogeny (i.e., within a generation). Since viability selection acting solely on environmentally induced phenotypic variation will not induce an evolutionary response, a comparison of environmental and genetic variance components across age classes may offer a useful strategy for assessing the evolutionary impact of selection episodes occurring at different ontogenetic stages. At a minimum, our results highlight the inadequacy of assuming constancy in quantitative genetic parameters with age. Thus, to understand and model the evolution of weight, it is necessary to examine the way in which genetic and environmental components of phenotypic variance change over ontogeny, as well as how selection may act at different ages. Table A1 : Literature sources for data set compiled in this study showing number of weight traits analyzed in cattle (Bos) and sheep (Ovis)
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